The Griffiths phase-like features and the spin-phonon coupling effects observed in Tb 2 NiMnO 6 are reported. The double perovskite compound crystallizes in monoclinic P 2 1 /n space group and exhibits a magnetic phase transition at T c ∼ 111 K as an abrupt change in magnetization. A negative deviation from ideal Curie-Weiss law exhibited by 1/χ(T ) curves and less-than-unity susceptibility exponents from the power-law analysis of inverse susceptibility are reminiscent of Griffiths phase-like features. Arrott plots derived from magnetization isotherms support the inhomogeneous nature of magnetism in this material. The observed effects originate from antiferromagnetic interactions which arise from inherent disorder in the system. Raman scattering experiments display no magnetic-order-induced phonon renormalization below T c in Tb 2 NiMnO 6 which is different from the results observed in other double perovskites and is correlated to the smaller size of the rare earth. The temperature evolution of full-width-at-half-maximum for the stretching mode at 645 cm −1 presents an anomaly which coincides with the magnetic transition temperature and signals a close connection between magnetism and lattice in this material.
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I. INTRODUCTION
Double perovskites R 2 BB ′ O 6 (R = rare earth; B, B ′ = transition metal) are interesting systems owing to the variety of phenomena they display including large magnetocapacitance, magnetoresistance, cationic ordering, high temperature structural phase transitions and the predicted multiferroic properties. [1] [2] [3] [4] [5] One of the most studied double perovskite, La 2 NiMnO 6 displays large, magnetic-field-induced changes in resistivity and dielectric constant at 280 K -a temperature much higher than previously reported for such couplings. 1 The combination of multiple functionalities with magnetic, dielectric and lattice degrees of freedom makes double perovskites a material of current interest with device application potential.
compounds are reported to crystallize either in monoclinic P 2 1 /n space group, in which case, layers of B 2+ and B ′4+ alternate periodically; or in orthorhombic P bnm structure where B
3+
and B ′3+ are randomly distributed in the lattice. 
III. RESULTS AND DISCUSSION
The crystal structure of Tb 2 NiMnO 6 (TNMO) was refined in monoclinic space group P 2 1 /n (space group no.: 14) with an agreement factor, χ 2 = 3.74. The refined lattice parameters obtained from the analysis, a = 5.2699(2)Å, b = 5.5425(7)Å and c = 7.5251(2)Å and the monoclinic angle β = 89.79
• are in reasonable agreement with the previous report 16 .
The observed x ray diffraction pattern is analysed using Rietveld method 27 in FULLPROF code 28 . The results are presented in Fig. 1 along with a structural diagram depicting the schematic of the crystal structure. A minor impurity phase of Tb 2 O 3 (4 wt%) was identified in the x ray pattern. The structural parameters and selected bond distances and angles from the analysis are presented in Table I . The crystal structure adopted by
compounds depends on cationic size, charge and the R/B radius ratio which are empirically quantified in tolerance factor. A monoclinic unit cell is favoured if the tolerance factor,
(where r R , r B and r o are ionic radii of rare earth, transition metal and oxygen, respectively), is less than unity. With a t = 0.858, a monoclinic unit cell is empirically expected for TNMO (the ionic radii values for calculating t were taken from 30 ). The bond distances and angles obtained from the structural refinement compiled in Table I The transition temperature observed in magnetization measurements was confirmed through specific heat, C p (T ) as presented in Fig. 3 , where a peak was observed at 111 K. Apart from the peak at T c and a low temperature hump that arises from the Schottky effect, the C p displays no anomalies or peaks from any impurities. The analysis of low temperature C p The downturn observed in the 1/χ(T ) curves is reminiscent of systems described by Griffiths phase (GP), 17,18 which was originally proposed for randomly diluted Ising ferromagnets.
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In the original formulation, Griffiths assumed randomly diluted Ising ferromagnets with nearest-neighbour exchange bonds of strength J and 0 distributed with a probability p and 1 − p respectively. Long range FM order is established only above a percolation threshold (p > p c ) in a reduced T C which is below the ordering temperature for an undiluted system, termed as Griffiths temperature T G . In doped manganites, quenched disorder that arises from the A site disorder is the reason for the random distribution of cations and the consequent random dilution. In a similar fashion, the site disorder in double perovskites can lead to random dilution of the B lattice. The negative curvature of 1/χ(T ) in Fig. 4 is observed to diminish in magnitude as magnetic field increases from 20 Oe to 40 kOe. This trend of 1/χ(T ) conforms to the general features of a GP phase where inverse susceptibility deviates from Curie-Weiss (CW) description as T → T c and is suppressed at higher magnetic field.
In Fig. 4 (a) , we identify T G (∼ 164 K) as the characteristic Griffiths temperature where 1/χ(T ) commences to deviate from CW description. The low-field magnetic susceptibility to avoid an incorrect estimation of T R C which can lead to erroneous values of λ. Recent literature that offers a better protocol to perform the analysis was adopted to estimate T R C and λ in the purely paramagnetic region 20, 21 . Following the procedure reported in literature 19, 20 we first estimated the value of T R C in the purely paramagnetic region above T G . A value of 56 K for T R C was estimated in this way which can be compared with that obtained by Zhou et al.. 20 Using this value of T R C , fitting was performed in the GP regime to obtain a value of 0.88 for λ. The result of the analysis is presented in Fig. 4 is Mn 4+ /Ni 2+ . The 1/χ(T ) plot at an applied magnetic field of 20 Oe and the corresponding CW fit are presented in Fig. 4 (a) .
The isothermal magnetization plots of TNMO at 5, 10 and 50 K are illustrated in Fig. 5 (a) . In La 2 NiMnO 6 , the saturation magnetization at highest applied field is reported as 4.57 µ B which is close to the theoretical value of 5 µ B 35 but the value of M sat has been observed to vary with the preparation method.
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One of the basic characteristics of Griffiths phase is the existence of finite-size FM correlated spins but with no static long-range magnetization which can be verified through the Arrott plots. In Fig. 5 (b) we present the Arrott plots -M 2 versus H/M plots -derived from 
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The structural distortions resulting from the substitution of a smaller rare earth Tb at the R site can couple with the spin system, the signature of which is discernible in Raman scattering experiments. Hence, we performed Raman scattering experiments on Tb 2 NiMnO 6 . The experimentally observed scattering intensity as a function of Raman shift is plotted in Fig. 7 (a) for different temperatures. In Fig. 7 (b) , the intensity at 298 K is plotted as a function of Raman shift and along with deconvoluted peaks assuming Lorenzian peak shapes. Following earlier reports 23, 40 which established the similarity of Raman spectra of double perovskite La 2 NiMnO 6 with orthorhombic LaMnO 3 , we assign the respective peaks at 645 cm −1 and 490 cm −1 to stretching and anti-stretching vibrations of (Ni/Mn)O 6 octahedra. 23 Lattice dynamical calculations attribute mixed character to the 490 cm −1 mode which involves both antistretching and bending vibrations whereas the 645 cm −1 mode is purely a stretching mode.
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The Raman spectra of Tb 2 NiMnO 6 is similar to that of Pr 2 NiMnO 6 which also crystallizes in monoclinic P 2 1 /n symmetry. 26 The temperature dependence of phonon frequencies, ω(T ), are shown in Fig. 8 (a) To summarize the results, we have refined the crystal structure of Tb 2 NiMnO 6 in monoclinic P 21/n space group that allows for a Ni short range ferromagnetic correlations above T c have been studied through x ray magnetic circular dichroism, 14 critical behaviour, 47 and ESR. 15 Contrary to the case of Tb 2 NiMnO 6 , a positive deviation of 1/χ(T ) from CW description was observed. However, it has been demonstrated that the degree of antisite disorder is a function of the kind of cation at the R site and can be influenced through doping. 48 Analysis of the Raman scattering data showed that, in contrast to the behaviour seen in other DP like La 2 NiMnO 6 , magneticorder-induced mode softening is not observed in Tb 2 NiMnO 6 . Normally, FWHM of Raman linewidth decreases with temperature as indicated by the red dashed line in Fig. 8 (b) .
However, we observe a marked deviation from linear behaviour below about 180 K, extending till T c . In this region, FWHM shows a plateau-like region (black solid line in Fig. 8 (b)). The anomalous plateau-like behaviour of TNMO is suggestive of increase in phonon lifetime which originates from the disorder in the system that strongly couples the magnetic and lattice degrees of freedom. The antisite disorder leads to additional antiferromagnetic exchange interactions between Ni -Ni and Mn -Mn. It is significant to note that the range of temperature where deviation from linearity in FWHM occurs (Fig. 8 (b) ) coincides with the range over which 1/χ(T ) deviates from CW description (Fig. 5 ). Our study projects that Raman scattering can be used as a tool for the characterization of materials exhibiting magneto-lattice coupling effects. The temperature variation of FWHM for other frequencies (presented in Fig. 8 (b) ) do not show slope changes which points towards strong spin-phonon coupling present in the case of symmetric modes like the stretching mode. The role of Tbmagnetism in Tb 2 NiMnO 6 is not significant since ESR studies have shown that the Ni-Mn sublattice interacts weakly with the rare earth. 16 However, the small cationic radius of Tb has a marked impact on structural distortions and contribute to the spin-lattice coupling leading to stronger magnetocapacitive effects. 1 This motivates us to investigate further the magneto-dielectric properties of this compound, in detail with emphasis on multiferroism in double perovskites.
IV. CONCLUSIONS
We observe Griffiths phase-like features in the magnetic properties of double perovskite 
